Summary Typical (TPP) and atypical (APP) perfusion patterns (PP) may be seen in ictal SPECT of patients with temporal lobe epilepsy (TLE). APP may pose problem in the lateralization of the epileptogenic zone (EZ). We aimed to investigate predictive variables for the occurrence of TPP and APP.
Introduction
Ictal SPECT has been considered an efficient method to localize the epileptogenic zone (EZ) in the presurgical evaluation of patients with medically intractable temporal lobe epilepsies (TLE). 1, 2 The initial contribution of SPECT to the presurgical investigation of TLE originated from interictal scans, which showed limitations regarding sensitivity and specificity, and is nowadays used only as a baseline to assess ictal changes of regional cerebral blood flow (rCBF). 3, 4 Postictal SPECT scans were later incorporated in the study of cerebral perfusion close to an epileptic seizure, providing additional contribution of the method, when compared to interictal studies. 4 Further developments in radiopharmacy enabled ictal SPECT studies with tracer injections during long-term video-EEG in the Epilepsy Monitoring Unit (EMU), increasing the sensitivity of SPECT scans to lateralize the EZ close to 90%. [5] [6] [7] Ipsilateral ictal hyperperfusion of the epileptogenic temporal lobe then became the hallmark of SPECT findings for the lateralization of the EZ in TLE. 8, 9 However, several other ictal atypical perfusion patterns (APP) have been described in addition to the typical ipsilateral hyperperfusion (TPP). [10] [11] [12] [13] Many factors have been proposed to explain these atypical perfusion changes in ictal SPECT studies, including time for tracer injection, 4,13-15 seizure semiology, 10, 16 ictal surface and depth EEG correlates, 17, 18 and pathological substrate and its location in the temporal lobes, 10 discussing in particular their role in predicting seizure outcome after temporal lobectomy. 11 Improved technologies, e.g. subtraction ictal-interictal SPECT methods and coregistration with MRI, and similar studies with PET scans, have contributed to a better correlation of ictal EEG and abnormal metabolic and perfusion findings. [19] [20] [21] [22] Recently, TPP and APP in ictal SPECT of patients with TLE were reviewed, showing that some lateralizing APP displaying only mild and discrete perfusional changes in the temporal lobes could easily pass unnoticed in routine examinations, reducing the efficiency of the method. 23 Finally, a more recent explanation was proposed based on a series of mesial temporal lobe epilepsy (MTLE) patients, in whom it was demonstrated that the presence of bilateral interictal spikes (BIS) on video-EEG monitoring (VEEG) significantly reduced the accuracy of ictal SPECT scans in comparison to those with unilateral interictal spikes (UIS). 24 In the present study we performed both univariate (UVA) and multivariate (MVA) analysis of clinical data, ictal chronology of seizures, and presence of UIS and BIS in order to investigate the best model to predict the occurrence of ictal TPP or APP in a homogeneous group of patients with unilateral TLE, in this way addressing the efficiency and reliability of the method.
Patients and methods

Patients
We retrospectively analyzed 51 patients (22 M:29 F) with medically intractable TLE submitted to Video-EEG monitoring and ictal SPECT studies performed between October 1996 and July 1998, at the Epilepsy Surgery Center from our institution. The presurgical localization of the EZ was established based on the combined results of the multidisciplinary workup, which included long-term video EEG monitoring, MRI and CT scans, ictal/interictal SPECTs, and neuropsychological examination.
In order to characterize the perfusion patterns in TLE, we selected a homogeneous group of unilateral TLE patients submitted to anterior mesial temporal lobectomy. We employed only patients with good post-operative seizure outcome with Engel classes I and II, 10, 25, 26 and with exclusively temporal lobe interictal spikes as inclusion criteria. 24 All subjects had signed informed consent for SPECT studies, and the presurgical protocol was previously approved by the Ethics Committee of our institution.
Presurgical workup
Patients were submitted to Video-EEG monitoring (Vangard ® Systems, Cleveland Clinic Foundation, Cleveland, OH, USA). Epilepsy syndrome and seizures were classified according to the International League Against Epilepsy (ILAE) guidelines, 27 by three epileptologists and board-certified electroencephalographers. EEG records routinely included scalp electrodes placed according to the 10-10 electrodes system, and bilaterally inserted sphenoidal electrodes. A minimum of three seizures was required, and invasive recordings were performed whenever convergence between presurgical data was not achieved. Interictal spikes (IS) on temporal lobes were analyzed considering localization, frequency, and right/left ratio following previously described methodology. 24 Patients were classified into two groups: unilateral interictal spikes (UIS, defined as ≥90% of spikes occurring in either right or left temporal lobe) and bilateral interictal spikes (BIS, when <90% of IS arose in one temporal lobe).
Seizures were classified as partial seizures (simple or complex) evolving (PS/GTCS) or not evolving (PS) to generalized tonic-clonic seizures. Imaging studies included CT and high resolution MRI with 1.5 T Siemens Magneton Vision equipment. Neuropsychological testing was performed in all patients and the Wada test was applied whenever speech dominance determination and assessment of memory functions were necessary.
SPECT methods
All patients underwent ictal and interictal SPECT scans. For the ictal SPECT, the tracer ethyl cysteinate dimer (ECD) was labeled with 3 GBq of 99m Technetium ( 99m Tc) and injected at a maximum dose of 1295 MBq (35 mCi), as early as possible after clinical or EEG seizure onset. The SPECT was considered ictal whenever the tracer injection was completed before the clinical and EEG termination of the seizures.
Interictal SPECT was also performed with 99m Tc-ECD, with the patient free of seizures for at least 24 h. All subjects were oriented to stay at rest, with their eyes open, in a quiet and dark room and were required to refrain from talking and listening.
Ictal and interictal SPECTs were carried out using a single-headed rotating gamma camera (Siemens ® Orbiter) with a low energy high-resolution collimator (LEHR). Sixty-four projections were recorded over 360 • on a 64 × 64 matrix, with acquisition time of 30 min, and 70,000 counts/frame. Projections were filtered with a Butterworth filter (order 4, cutoff frequency of 0.25). Scans were reconstructed with a SOPHY NXT workstation (Sopha Medical, France), in transaxial slices parallel to a line drawn from the basis of the frontal lobe to the occipital lobe, and parallel to the long axis of the temporal lobe, from which coronal sections were produced. Attenuation correction was performed using the first order method of Chang (coefficient 0.12 cm −1 ). Ictal perfusion patterns were visually analyzed for the presence of hyper or hypoperfusion changes in the temporal lobes in comparison to the interictal SPECT. Images were blindly and independently analyzed by two experienced specialists. Interobserver agreement to both ictal and interictal SPECT findings was determined using Cohen's Kappa (k), and validated for our population in a previous study. 23 Agreement was considered poor when k was <0.4, good when k>0.4 but <0.75, and excellent when k>0.75. Results were considered significant at a confidence level of P < 0.05.
Perfusion pattern definitions
In order to study the perfusion patterns and their correlation with the ictal chronology of the epileptic seizures we mainly looked for characteristics of distribution of hyperperfusion and/or hypoperfusion findings in the ictal SPECT. TPPs included ipsilateral temporal lobe hyperperfusion in the ictal SPECT. APPs included all perfusion findings that did not exhibit typical unilateral patterns. 23 In those cases with bilateral hyperperfusion, asymmetries were confirmed by analysis of plot profiles and of image histograms using NIH Image for Windows (National Institutes of Health, USA, Scion Corporation © ). SPECT images were processed in the same color scales, avoiding interference in the brightness and contrast, and looking for corresponding slices in both ictal and interictal scans for better comparability. Accuracy of ictal SPECT scans was defined as the rate of TPPs within UIS group comparatively to BIS group.
Chronological framework
For the purpose of this study, and to help visualization of time variables related to the seizure evolution and to the timing of tracer injections (see Table 1 ), a chronological framework (Fig. 1) was created based on Video-EEG monitoring data.
Initially, primary chronological variables were determined to serve as time markers of the epileptic seizures and of the tracer injections. Based on them we defined the following variables: clinical onset, electroencephalographic onset, instant of tracer injection, clinical offset, and electroencephalographic offset. Based on the interplay of these time markers, secondary chronological variables (i.e. time intervals) were determined: clinical and EEG durations, clinical and EEG latencies for tracer injections, and clinical and EEG post-injection times. Finally, tertiary chronological variables (i.e. time functions) were additionally determined including the normalization of the secondary variables in relation to the seizure duration, according to previous studies. 15, 26 The authors, in order to assess changes attributed to seizure duration, analyzed the latency of ictal injection normalized to the seizure duration arbitrarily selected as 100. By applying this normalizing principle to our data, but separating the clinical (ClinDeNorm, ClinExNorm) (see Table 1 for definitions) and EEG (EEGDeNorm, EEGExNorm) aspects of the seizures, we obtained the func- tions described in Table 1 . By applying the formula ClinDeNorm, it was possible to calculate the percentage of the clinical delay for tracer injection (ClinDe) in relation to the total duration of the Figure 1 Ictal chronology of seizures. Chronological variables are described in Table 1. clinical seizure (ClinDur). For instance, a tracer injection completed at the mid-point of clinical seizure duration would result in a ClinDeNorm equal to 50%. Finally, another group of tertiary variables was defined based on the subtraction of secondary variables: clinical minus EEG duration (SubDur), clinical minus EEG delay for tracer injection (SubDe), and clinical minus EEG exceeding time (SubEx). Such analysis was performed to investigate how much of the difference between clinical and EEG parameters of the secondary variables would influence perfusion patterns. All primary, secondary, and tertiary variables are described in Table 1 .
Statistical analysis
Univariate analysis (UVA) included age, sex, presence of initial precipitating injury (IPI), age of epilepsy onset, seizure type (SCPS/GTCS versus SCPS), side of surgery, postsurgical outcome (Engel's Classification), 25 presence of UIS or BIS, and the secondary and tertiary chronological variables, with the objective of assessing the independent contribution of each of them to the TPP or APP. First, One-Sample Kolmogorov-Smirnov test was performed to define variables with normal distribution (P>0.1). Statistical significance was set at P < 0.05, and Fisher's Exact test and Chi-square test were performed for dichotomous variables (sex, IPI, side of surgery, type of seizure recorded, Engel's Classification, interictal spikes), and Independent Sample t-test and Mann-Whitney U-test for ordinal variables (age, age of epilepsy onset, secondary and tertiary chronological variables).
Variables were additionally subjected to MVA with multiple logistic regression procedure and forward stepwise selection if P < 0.20 after UVA. The level of significance to remain in the model was P < 0.10. 28 This level was considered in order to include variables that are significant in either a biological or statistical sense, and to assess model fits according to some statistical measure of fit. 29 Multiple logistic regressions were used to assess predictive models that better identified TPP or APP according to statistical methods previously described. 30 Predicted probabilities were calculated based upon parameter estimates from the logistic regression model, and the observed probabilities were compared to the predicted probabilities. The magnitude of association between variables remaining in the final predictive model (FPM) and the perfusion patterns was measured by Odds Ratio (OR) and respective 95% confidence interval (CI). An OR of 1.0 indicates no association; <1.0, a negative association; and >1.0, an increased probability of occurrence of TPP or APP associated with the factor.
Results
Patient demographics
Clinical and demographic data are shown in Table 2 . Fifty-one patients (mean age, 37 ± 9 years; age range, 14-54 years) were included in this study. Mean age at seizure onset was 8 years (range, 1 month-45 years). Twenty-five patients had antecedents of IPI, including prolonged febrile seizures in 23 patients, meningoencephalitis in 1 patient, and Status Epilepticus in 1 patient. All had normal neurological evaluation, except for one who had spastic paraparesis unrelated to the epilepsy. Video-EEG showed UIS in 39 patients (76.5%) and BIS in other 12 patients (23.5%). Epileptogenic zone was localized on the right temporal lobe in 26 patients (51%), and on the left temporal lobe in 25 patients (49%). Forty patients had SCPS (79%) and 11 patients showed SCPS/GTCS (21%), which was not significant in differentiating TPP and APP (Fischer's Exact test, P = 0.42). MRI imaging demonstrated hippocampal atrophy in 49 of 51 patients (96%), and mesial temporal lesions suggestive of cortical dysplasia (patient 43) and low-grade tumor (patient 27).
All patients underwent anterior mesial temporal lobectomy, follow-up period ranged from 10 to 32 months (mean 18.5 ± 6.9 months) and post-operative seizure outcome was defined as classes I and II according to Engel's Classification (see Table 2 ). Pathology of surgical specimens confirmed low-grade tumor (patient 27), microdysgenesis (patient 43), and mesial temporal sclerosis in the remaining patients.
Perfusion patterns
Accuracy of ictal SPECT was higher in the UIS group (33/39 patients, 84.6%) than in the BIS group (7/12 patients, 58.3%, Chi-square test, P = 0.05).
Distribution of TPP and APP is presented in Table 2 and shown in Fig. 2 , adopting previously described classification of ictal perfusion patterns in TLE. 23 TPP comprised ipsilateral ictal hyperperfusion and were observed in 40 patients (78.5%). APP was found in 11 patients (21.5%) and comprised bitemporal hyperperfusion (7 patients, 13.7%), contralateral hyperperfusion (3 patients, 5.9%), and a ''normal'' pattern (1 patient, 1.9%).
Interictal SPECT showed normal perfusion in 21 patients (41.1%), ipsilateral hypoperfusion in 20 patients (39.2%), contralateral hypoperfusion in 5 patients (9.9%), bitemporal hypoperfusion in 3 patients (5.8%), ipsilateral hyperperfusion in 1 patient (2.0%), and contralateral hyperperfusion in 1 patient (2.0%). Coefficient Cohen Kappa for interobserver concordance showed excellent agreement for ictal SPECT images (k = 0.77; P < 0.01) and good agreement for interictal SPECT scans (k = 0.57; P < 0.01).
Ictal chronology and perfusion patterns
The mean, standard deviation of mean, median, maximum and minimum of secondary chronological variables are shown in Table 3 . The tertiary chronological variables were analyzed in relation to the TPP and APP groups and the results are shown in Table 4 . UVA of clinical data and chronological variables for comparison in both the TPP and APP groups is shown in Table 4 . The statistically significant variables (P < 0.05) found in UVA were EEGEx (P = 0.02), EEGDeNorm (P = 0.03), EEGExNorm (P = 0.03), and SubEx (P = 0.04). Interictal spikes showed borderline statistical significance (P = 0.05). MVA included all variables that exhibited P ≤ 0.20 in the UVA (variables marked with arrows in Table 4 ).
MVA resulted in a final predictive model that comprised one neurophysiological variable (interictal spikes, P = 0.012), and two chronological variables (EEGExNorm, P = 0.031; SubEx, P = 0.069).
This model showed a high capacity (P = 0.003) to predict the occurrence of TPP and APP.
From three final variables, interictal spikes showed the greater Odds Ratio (OR = 10.329, CI = 1.666, 64.042), i.e. patients with bilateral interictal spikes on EEG have a 10-fold higher chance to exhibit APP than those patients with UIS.
Discussion
In this study we performed both UVA and MVA of clinical and neurophysiologic data, including a wide set of chronological variables of seizures and searching for predictors of TPP and APP on ictal SPECT scans of TLE patients. Our results showed that correlation with the distribution of temporal lobe interictal spikes and with the EEG chronology of the seizures constitutes the better model to predict ictal perfusion patterns in unilateral TLE.
Previous studies already characterized postictal perfusion patterns in TLE, 3 and correlated them to the delay for tracer injection, concluding that injections performed later than 100 s from seizure onset would explain the hypoperfusion of the EZ. 13 We observed, however, only three patients with injections after 100 s from seizure onset, two of them had TPP (patients 12 and 13), and one had APP Table 3 Chronological variables of temporal lobe seizures (in seconds).
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Since ictal tracer injections were facilitated by optimized test protocols, 5, 7 ipsilateral temporal lobe hyperperfusion was soon considered as a diagnostic hallmark (typical pattern) for the localization of the EZ in TLE. 8, 9 However, complex perfusion patterns (atypical patterns) have later been described in ictal SPECT scans, and attributed to either delayed tracer injections, 4, [13] [14] [15] or seizure propagation. 10, 11, 16, 31 Other studies additionally demonstrated that APP was instead possibly related to anatomical brain connections. 10, 11 Later, normalized times referenced to the seizure offset showed higher rates of APP when injections were completed just before the seizure offset. 15, 26 This finding is somewhat similar to our EEGExNorm variable described in our FPM (see Table 4 ). Ictal decrease of perfusion in the EZ has been attributed to a longer time of injection from EEG seizure onset, contrarily to our results that did not show any significance of EEGDe in the generation of APP. 14 CBF changes measured by H(2)(15)O-PET during subclinical or subtle seizures induced by electrical cortical stimulation showed that ictal rCBF increases during low-voltage fast activity, but their magnitude had no obvious link with the duration of the discharges. 22 Focal CBF increase, when detected at the seizure onset concomitantly with the low-voltage fast activity, was a reliable marker of an underlying epileptic discharge. They argue for the importance of early tracer injection after detection of discharges, even at the subclinical stage of the seizure. 22 We previously analyzed ictal SPECT findings in TLE and observed a clear predominance of TPP over APP. 23 In that study we described mild and discrete perfusion findings in the temporal lobes that could easily pass unperceived in routine examinations, and that played an important role in the lateralization of the EZ in TLE.
In this study, UVA disclosed four variables that were significant in distinguishing TPP and APP groups: EEGEx (P = 0.02), EEGDeNorm (P = 0.03), EEGExNorm (P = 0.03), and SubEx (P = 0.04). These results agreed with previous studies showing that complex perfusion patterns occur when tracer injections were completed just before seizure offset, and when a normalization time for tracer injection was plotted in relation to seizure offset. 15, 21 Regarding the lack of influence of GTCS on ictal SPECT patterns, our results partially contradict previous studies, 3, 4 but agree with others. 21, 24 The final predictive model (FPM) emerging from MVA demonstrated higher power (P = 0.003) to predict the occurrence of TPP and APP, comparatively to the lower significance of each individual variable in UVA. This predictive model including interictal spikes, EEGExNorm and SubEx variables showed that patients with BIS, shorter proportion of the electrographic seizure occurring after completion of tracer injection, and longer clinical seizure duration had greater chances of showing APP.
Distribution of interictal spikes was the most significant variable in the FPM, with a remarkable Odds Ratio (10.329; range 1.666, 64.042), in agreement with previous observations that the rate of correct seizure lateralization of ictal semiology and ictal EEG is better in patients with UIS than those with BIS. 32, 33 Interictal spikes are generally considered a reliable marker of the hyperexcitable cortex, arising in or near the epileptogenic zone. 34, 35 Thus, BIS would indicate bilateral epileptogenecity and reflect bilateral susceptibility to seizure generation, or express rapid seizure propagation to the contralateral temporal lobe, leading to APP. More recently we also observed that BIS in TLE patients were associated to lower accuracy of the ictal SPECT, 24 and that the rate of correct lateralization of the EZ by ictal SPECT was 87.6% in the UIS group and only 55.0% in the BIS group. The percentage of lateralizing ictal EEG was similarly lower in the BIS group when compared to the UIS group. In the EEG epochs, 56.6% of patients of the UIS group, and 33.3% of the BIS group had lateralized ictal EEG (P < 0.001). The present study similarly showed that the accuracy of ictal SPECT was higher in the UIS than in the BIS group, however, further studies are still needed to address the issue of its cost-effectiveness in reducing the duration of prolonged inpatient monitoring. In the BIS group, although ictal SPECT scans showed lower correct lateralization rate, it seems that they still add to the lateralization rate of ictal EEG in these more complex TLE cases. Direct comparison of sensitivity between the region of onset of the ictal EEG and ictal SPECT has not yet been rigorously done, and most centers usually perform multiple ictal EEG recordings and only eventually a single ictal SPECT. This comparison is out of the scope of this study and would require cross-analysis with serial SPECT scans. 36, 37 Another significant variable in the final predictive model was SubEx and it was found that the greater the SubEx, the higher the occurrence of APP. This finding may encompass two interpretations. First, longer clinical exceeding time may be due to the propagation of the seizures leading to APP, although a postictal confusion state might have resulted in misdiagnosis of the precise clinical seizure offset in some patients. Second, once tracer was injected, it would spend at least 30-60 s to reach the brain, and an early EEG offset may result in postictal-like patterns. 4, [13] [14] [15] Some limitations of our study could be related to the use of a lower spatial resolution of SPECT imaging (64 × 64 matrix) and a single headed SPECT camera. With regard to these aspects, all patients were submitted to the same imaging system and were scanned within 2 h of radiotracer injection to achieve good imaging statistics. Multiple-detector SPECT devices generally produce better image resolution than single-detector units. However, high quality images can still be produced on single-detector units with appropriately longer scan times. 38 These methods gave us high quality SPECT images, allowing excellent interobserver agreement as documented above.
Conclusions
We concluded that TPP and APP may occur in patients with unilateral TLE even if clear ictal tracer injections have been performed. Generalized tonic-clonic seizures did not influence the occurrence of APP in TLE, and, therefore, tracer should be injected even if secondary generalized seizures occur. MVA was a helpful statistical tool to determine predictors for the occurrence of perfusion patterns. By this method, EEG chronology of seizures was more reliably correlated to ictal perfusion patterns than clinical chronology. Also, patients with TLE, exhibiting bilateral interictal spikes, with a shorter proportion of the electrographic seizure occurring after completion of tracer injection, and a more prolonged clinical than EEG seizure after tracer injection will show APP with greater probability. A first application of these results is that with an overt ongoing clinical seizure, there is a greater possibility of APPs if the EEG seizure is vanishing. Second, early tracer injection per se was not a significant predictive variable in the present study, but can avoid shorter EEG exceeding times and Atypical Patterns, justifying the implementation of optimized methods for tracer injection. Finally, ictal EEG chronology of seizures and distribution of interictal spikes on temporal lobes are essential informations to improve the interpretation of ictal SPECT in TLE, consequently requiring close cooperation between nuclear medicine physicians and clinical neurophysiologists.
